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THE EFFECT OF TURBULENCE ON THE DRAG

By G. B. SCHUBAUEItand H. L. DRYDEN

OF’ FLAT PLATES

SUMMARY

In determining the e$ect of turbulence on the form
ewv?edon boditx in the air 8treamof a wind tunnel, d h
cornmordyamwmedthd the indicuiicwwof the standurd
pitot-8taJictube waedto determine th4 air speed are not
okpendeni on tb turbulence. To inve&gaie the truih of
this amumption, the drag of a normally exposed j?a.t
plale, the di$erenm in pressure between the frord and
rear of a thin m“rculurdisk, tb raie of rotation oj a vane
anemometer, and the prewure developed by a etapdard
pitot-etatic tube were meu8ured in an aw stream Jor
several condii!iorwof ihrbulenze. The rew.hk may be
interpreted a9 indicating thut there is no appreciable
e$ect of turbulence on th vane amometer and the
standardpitot-vtaiic twbe, but thai there h a sma.L!efed
on the drag of a jai pl.de and the prewwre difference
betweenfront and rear of a disk. Thie drag was found
to be independent of tti speed or Reynold8 Numbm and
hence tlw observedtwdndencee$ect i8 of a di~ereti naiure
frOmthe eYeC18ob8ervedon skin-fr?ktim p.hzteeand aw-
8hip hu.hhor on sph+wti.

This work WW CO?ldUCt80?by the Naiiurud Bureaa of
Standarde with the cooperation and jhun.ciu.l awktance
of the Naiional Advieon~ Committeefor Aeronuuiice.

INTRODUCTION

It is now well known that all mrod~amic meas-
urements are to some extent dependent on the magni-
tude of the small fluctuations of speed, collectively
called “turbulence”, which are prwent in the airstream.
The effects of turbulence are supposed to be related
to the effects of Reynolds Number in that both are
the expression of the same basic phenomenon. A
brief summary of the status of knowledge in April
1934 id given in reference 1.

In detmminhg the effect of turbulence and Reynolds
Number on aerodynamic force coeilicients for various
body forms, it ‘is assumed that the force on the body
is affected by turbulence and Reynolds Number, but
that the pressure developed by the standard pitot-
static tube, from which the dynamic pressure g
(= ~PV2 where P is the density and V the speed of
the air stiearn) is computadj is not. In support of this
assumption it is often possible to point to changes in

~rewure and velocity distribution about the bodv,
kdicating with little doubt that the force on the bo&
also changes. While it has been possible to show, by
means of whirling arm tests, that the pressure dif-
ference obtained born the standard pitot-static tube
is equal to the dynamic pressure g over the usual
range of Reynolds Number (reference 2), no such
fundamental teat has been devised to show that this
pressure difference is the same as g when the air is
turbulent. It is generally assumed that turbulenm
oan have little or no effect on the readings as long as
the direction changes introduced by the turbulent
motions are not over 3° (turbulence about 5 percent).
The effect on the boundwy layer about the static
orifices in the wall of the tube is certainly negligible.

The drng coefficient’ for ti flat disk normal to the
wind is constant over part of the. range of Reynolds
Numbers.’ The explanation of this fact is simply that
the separation lines must lie at the edges of the plate
and consequently cannot shift as the Reynolds
Number changea. The same kind of reasoning would
deny the potability of a turbulence effect, and indeed
the argument appears to be as strong aa that advanced
in the case of the pitot-static tube.

In the course of some investigations at the National
Bureau of Standards in 1932, an attempt was made to
test the correctness of a calibration for the wall orifice
of the 4Yi-foot wind tunnel, used to indicate the speed
of the air stream, by measuring the drag coeilicient
for a 2- by l%nch rectangular flat plate placed normal
to the wind. The stream bad been previously made
very turbulent by placing a screen with loosely
attiched aluminum trigsacross the upstream section of
the tunnel. The drag coefficient was found to be
higher than that obtained in some earlier work. A
check calibration of the wall orifico against the standard

I The@tidmt Kqtititie@ ~ddWbyq~by tiemoftiepti
aIntbe early cqwimenb of Ell?eland other&varfonaso- of arm, snob as

tunnelwaif effmt%SPlndleInterfarenc%and lank of gwmekfcal .4mikity, ware
not remgnbd and an apparmt wuiatfon wfth Reynofda Nnmba was found.
The carefulexperkoentsof O. WIesalslxirW desafiwd in Er@nkm Aerodyn.
v~~ Q8ttin~ Q p. % show tbnt there k no variation8s great831
~t be~~ a -1* NQXII~ OfKIWI and l,WWI for the ckadar diskx
@t@i. In other eqmrirnent%some variationk found. It is the o@fon of the
anthorathat W of tbe pnhllaheddata mnsideiwltogethermppcuts the mncfnsbm
that the drag Of a @frn thin i%it Phb with dmrp .wmre @d@ k !ndapondeotol
ReynoldsNrunberfn the range104to 10a.
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pitot-static tube showed that the calibration was not
at fault. Later when the screen was removed and the
turbulence was much lower, the drag determination
was repeated. In this case the drag coefEcient was
lower and agreed well with earlier values. The
dMerence in the two results appeared to be an effect
of turbulence, but whether on the plate or the pito~
static tube was not known. Since the speed was not
equally uniform over the area occupied by the plate
in the two cases, and accordingly the dMerence in
results might have been due to the failure to get a
correct average calibration for the region occupied by
the plate, the data were not considered to be conclusive.

For this reason it -was decided to investigate the
turbulence effect more fully before reporting it. The
object of the present inves~oation was to repeat the
earlier work under a greater variety of conditions,
paying close attention to speed distribution in every
case, and to obtain data which would show whether
the effect was on the flat plate or the standard pitot-
statiq-tube.

METHOD OF PRODUCING TURBULENCE

Before the present investigation was begun, con-
siderable attention had been given to methods of
varying the turbulence of the 4%foot wind tunnel of
the National Bureau of Standards. The placing of
square-mesh screens, made from cylindrical wires or
rods, over the entire cross section of the tunnel at some
upstream position, was found to be satisfactory both
from the standpoint of turbulence production and
uniforrni~ of speed (reference 3). In order to avoid
a regular pattern in the speed distribution from the
individual wires, it was necessary to work at distances
greater than 65 wire diameters from the screens.
These screens wero installed one at a time and the
turbulence measured at several distances back of each
of thcm by the “hot+wire” method (reference 4).

Turbulence measured by this method is expressed
as the ratio of the root-mean+ quare of the speed
fluctuation at a point to the average speed. This
quotient times 100is termed the percentage turbulence.
Values of the turbulence back of the two screens used
in the presant investigation are shown in iigure 1.

TEST EQUIPMRNT AND PROCBDTJRE

Since the aarodynarnic balance used in the 4>foot
tunnel was fixed in position, and it was not practicable
to change the position of the screens, measurements
of the drag coefficient for the 2-by M-inch flat plate
could be made only at 2.7 and 1.1 percent turbulence
with the screens and 0.7 percent for the free tunnel
condition.

In order to get a device to indicate the presence or
absence of the effect over a wider range of turbuhmce,
the so-called “pre9sure disk” shown in figure 2 was
devised. This is simply a 3-inch disk with one oriiica

at the center of the front face and four others at the
back where the supporting spindle is connected to the
plate. By means of these orifices, the pressure differ-
ence acroes the plate can be determined. This differ-
ence, denoted by Ap, when divided by q yields a pres-
sure coefficient, which should vary with turbulence
somewhat like the drag coefficient. It was not in-
tended that the drag coefficient be determined from
the pre9sure coefficient. This would be a very doubt-
ful procedure. The work on the disk waa intended to
bring out independent evidence of the effect on drag
coefficients by another method. Both the 2- by 12-
inch plate and the &inch disk had sharp square edges,
The thiclmess of the plate was 0.046 inch and that of
the disk 0.043 inch.

I
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Being faced with the problem of deciding whether
to place the effect of turbulence on the flat plate or
the pitot-static tube, it was desirable to obtain an
entirely independent indication of the speed at the
position where the pitot-static tube and the fl@
plates were run. A vane anemometer S (shown in
fig. 2) having about the same diameter as the pressure
disk was used for this purpose. The anemometer
was “not to be used to measure the air speed, but
rather the speed indicated by it was to be comprtred
with that indicated by the pitot-static tube, as in a
calibration of the instrument.

JVane anemometerbrilt by Davb Instrument Co. Efght-blade, lowapead
tyP3 ratadat am feat per minute maxfmmn~.
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Working positions back of the two screens were
selected according to the amount of turbulence desired.
At any given position the procedure consisted of
making three separate sets of runs covering a given
speed range, one on the pressure disk, another on the
vane anemometer, and still another on the standard
pitot-static tube. Taking the pitcrhstatic tube as
fin example, a run consisted of reading the manometer
to which the pitotAatic tube was connected simul-
taneously with another manometer connected to the
tunnel wall orifice. The factor obtained froIu the
ratio of the two readings amountid to a calibration
factor for the wall orifice, to be umd to obtain the
value of q rmd hence of the air speed when the pitc+
static tube WQSremoved. Hav@ calibrated the wall
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In connection with the force measurement a similar
procedure was followed at the position determined by
the balance. The pitot-static tube runs in this case
were distribukd over the area occupied by the 2- by
12-inch plate, and the vane anemometer was cali-
brated at the position later occupied by the center of
the plate. Both were run with the shielded balance
arm protruding into the stream.

The force measurements were made on a balance of
the N. P. L. type. The plate was attached to the
shielded balance arm by a spindle 9 inches long fas-
tened rigidly to one end of the plate. The drag of this
spindle wsa determined by mal@g a separati run with
a dummy spindle attached to the balance and with the
plate mounted separately above it. By deducting

., la!!=”..—— —-———.-.—. ..—.—.—.... .——’ ..—.

FmuRB2—VmIaanemometer,L?-lncbpiwsnre disk and SPlndlejZ-by Wlnob tit pklh and 8Plndlejand standardpitot-tio W)&

orilice,readings from it, taken simultaneously with
those from the pressure disk, allowed Ap/q to be
calculated. Similarly, in calibrating the vane ane-
mometer, redings from the wall orifice were used to
indicab the airspeed. Hence the results are expressed
in terms of the speed indicated by the pitot-static
tube, assuming no effect of turbulence.

The disk and vane anemometer responded to the
average conditions over an area, presumably over
their frontal area. The !.ndications of the pitot-static
tube were obtained therefore at a number of points
over the areaswept out by the disk and the uemometer
in order to obtain a similax integrated effect. Meas-
urements were made at the center of this area and at
several points on a 1- and 2-inch radius.

the spindle drag from the drng of the plate and spindle
combined, the drag of the plate alone was obtained.
The interference of the spindle on the plate drag was
not corrected for by this procedure, but a prelimina~
investigation showed that this interference was too
d to be deticted.

RESULTS

Great care was taken to secure accurate values of the
mean velocity pressure over the area to be occupied by
the plate or anemometer at a given read.imgof the
manometer connected to the wall orifice. Thus, for
the 2-by 12-inch plate, readings were taken at 7 points.
for 6 speeds. Considering the results obtained with
the 3fi-inch screen, the average deviation of a single
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observation from the mean at any one point was about
0.5 percent, the maximum deviation 1 percent. For
all points ecmsidered together, the average deviation
was 1 percent, the maximum 2 percent. It seems

FmuEE X—Dragcmfiidentsfar2-by Winch Cntplete forvorfousReynoldsNnm-
kz Tbe kngtlr temnin the -on far Reynolds Nmr.rtmrIs tie wfdtb of
theple*Lq21nclrm.

conservative, taking account of “sampling” errors, to
assume that the mean value for the 42 points is equal
to the correct average over the area of the plate within
0.6 percxmt. The probable error computed by con-
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sidering the 42 observations as being made on the same
quanti~ is only 0:1 percent.

The deviations which have been given for the 3Z-
inch screenrepresent the worst condition. over smaller.

areas and with the l-inch screen or with no screen,
the deviations were much smaller, and a fair average
vnlue of the mean deviation for those conditions would
be about 0.3 peroent.

Two series of determinations of the drag coefficient
of the rectangukw plate are shown in figure 3. Where-
as there is no definite variation of the drag coefficient
with Reynolds Number over the range from 30,000 to
60,000, there is a marked change in the coefficient with
turbulence. This variation with turbulence is shown
more clearly in figure 4 where the coefficients huve
been uveraged over the Reynolds Number rnnge rmd
plotted against turbulence. Determinations mnde in
1932, shown on the same iigure, agree well with those
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of 1935. Extrapolating to zero turbulence, we find a
drag coefficient of 1.246. Since wind tunnels may
vary in turbulence horn near zero to 2 percent or possi-
bly more, a dispersion among results in various tunnels
of perhnps 4 percent may be expected. This is nothing
like the disagreement found in sphere drng results;
nevertheless it is enough to be of importance in precise
work.

F&we 5 shows the variation of the pressure coefE-
cient of the pressure disk with turbulence. While the
scatter in this diagram is considerable, there is a defi-
nite upward trend to the coefEcient with incensing
turbulence. Here again the coefficient was independ-
ent of the speed.
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We may contrast the remdts for the plates with
those shown in iignre 6 for the vane anemometer.
Here there is no etidcmce of any dependence of the
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calibration factor on turbulence. This means either
that the indications of the anemometer and the pitot-
static tube both vary with the turbulence in such a
way as to mask any effect, or that there is no tur-
bulence effect on either instrument. Since the two
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are radically difbrent both in construction and princi-
ple of operation, it seems VW$ unlikely that turbu-
lence should affect the two alike. Hence the con-
clusion: Both the pitot-static tube and the vane
anemometer are free from any offoct of turbulence.
The dynamic pressure q iE therefore determined cor-
rectly by the pitot%tatio tube, and the variation of
the flat plate coefficient is due to the effect of turbu-
lence on the plate itmlf.

It is usual to attribute the effect of Wind-tmyd
turbulence on aerodynamic forces to a shift in the
point of tramition from laminar to turbulent bound~-
layer flow. The result is QdMerent skin friction and a
d.ifhwentseparation point. It is diflkult to see how
this -explanation can be upplied in the case of the
flat plate. We have here a case where the turbulence
apparently aifects the wake of the plate; or, if we wish
to imagine a separated boundary layer enveloping the
wake, perhaps the exterior turbulence tiects the
stability of this layer. Whatever the explanation,
the work with the pressure disk indicates that turbu-
lence does lower the pressure in the wake.

NATIONAL BunEAu OF STANDARDS,

WASHINGTON, D. C., June %2, 1936.
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